Introduction
functional relevance. We incorporated RNA-Seq data to differentiate between artifacts and 1 0 4 bona fide cases of active non-canonical splice sites. Active splice sites are revealed by an 1 0 5
RNA-Seq read alignment allowing quantification of splice site activity. We then identified 1 0 6 homologous non-canonical splice sites across species and subjected the genes containing 1 0 7 these splice sites to phylogenetic analyses. Conservation over a long evolutionary time, 1 0 8 expression of the effected gene, and RNA-Seq reads spanning the predicted intron served 1 0 9 as evidence to identify bona fide functional non-canonical splice site combinations. Genome sequences (FASTA) and the corresponding annotation (GFF3) of 121 plant species 1 1 4 (Additional file 1) were retrieved from the NCBI. Since all annotations were generated by 1 1 5 GNOMON [35] , these data sets should have an equal quality and thus allow comparisons 1 1 6 between them. BUSCO v3 [36] was deployed to assess the completeness and duplication 1 1 7 level of all sets of representative peptide sequences using the reference data set 1 1 8 'embryophyta odb9'. 1 1 9 1 2 0 Classification of annotated splice sites 1 2 1 Genome sequences and their annotation were processed by a Python script to identify the 1 2 2 representative transcript per gene defined as the transcript that encodes the longest 1 2 3 polypeptide sequence [30, 37] . Like all custom Python scripts relevant for this work, it is 1 2 4 available with additional instructions at https://github.com/bpucker/ncss2018. Genes with 1 2 5 putative annotation errors or inconsistencies were filtered out as done before in similar 1 2 6
analyses [38] . Focusing on the longest peptide is essential to avoid biases caused by 1 2 7 different numbers of annotated isoforms in different species. Splice sites within the coding 1 2 8 sequence of the longest transcripts were analyzed by extracting dinucleotides at the borders 1 2 9 of all introns. Untranslated regions (UTRs) were avoided due to their more challenging and 1 3 0 thus less reliable prediction [30, 39] . Splice sites and other sequences will be described 1 3 1 based on their encoding DNA sequence (e.g. GT instead of GU for the conserved 1 3 2 dinucleotide at the donor splice site). Based on terminal dinucleotides in introns, splice site 1 3 3 combinations were classified as canonical (GT-AG) or non-canonical if they diverged from 1 3 4 the canonical motif. A more detailed classification into major non-canonical splice site 1 3 5 combinations (GC-AG, AT-AC) and all remaining minor non-canonical splice site 1 3 6 combinations was applied. All following analyses were focused on introns equal or greater 1 3 7 than 20 bp. 1 3 8 1 3 9
Investigation of splice site diversity 1 4 0
A Python script was applied to summarize all annotated combinations of splice sites that 1 4 1 were detected in a representative transcript. The specific profile comprising frequency and 1 4 2 diversity of splice site combinations in individual species was analyzed. Splice site 1 4 3 combinations containing ambiguity characters were masked from this analysis as they are 1 4 4 most likely caused by sequencing or annotation errors. Spearman correlation coefficients 1 4 5
were computed pairwise between the splice site profiles of two species to measure their 1 4 6 similarity. Flanking sequences of CA-GG and GC-AG splice sites in rice were investigated, 1 4 7 because CA-GG splice sites seemed to be the result of an erroneous alignment. The 1 4 8 conservation of flanking sequences was illustrated based on sequence web logos 1 4 9 constructed at https://weblogo.berkeley.edu/logo.cgi. 1 5 0 1 5 1
Analysis of splice site conservation 1 5 2
Selected protein encoding transcript sequences with non-canonical splice sites were 1 5 3 subjected to a search via BLASTn v2.2.28+ [40] to identify homologues in other species to 1 5 4 investigate the conservation of splice sites across plant species. As proof of concept, one 1 5 5 correctly resolve these situations. 3 7 0
Despite all artifacts described here and elsewhere [29, 33, 56] , non-canonical splice sites 3 7 1 seem to have conserved functions as indicated by conservation over long evolutionary 3 7 2 periods displayed as presence in homologous sequences in multiple species [23, 29] . Our 3 7 3 own analyses across multiple accessions of A. thaliana support this conjecture and suggest 3 7 4 that some non-canonical splice sites are conserved in homologous loci at the intra-specific 3 7 5 level. At the same time, there is intra-specific variability [30] that might be attributed to the 3 7 6 accumulation of mutations prior to purifying selection. Assessing the variability within a 3 7 7 species could be an additional approach to distinguish bona fide splice sites from artifacts or 3 7 8 recent mutations. Putative mechanisms for processing of minor non-canonical splice sites 3 8 1
We sought to understand possible correlations with minor non-canonical splice site 3 8 2 combinations in order understand the mechanisms driving their occurrence. Therefore, we 3 8 3 explored the impact of genomic position relative to centromeres, the effect of increased gene 3 8 4 number, and the impact of intron length. The occurrence of non-canonical splice sites is 3 8 5 reduced with proximity to the centromere, but this is likely due to reduced gene content in 3 8 6 centromeric regions. Averaged across all species, there a significantly higher proportion of 3 8 7 non-canonical sites in single copy genes, but species-specific differences also violate this 3 8 8
observation, suggesting that gene copy number is not an important determinant. However, 3 8 9
non-canonical splice sites may be more important in splicing very long introns, because they 3 9 0 appear in introns above 5 kb with a higher relative likelihood than canonical splice sites. 3 9 1
Previous studies postulated different non-spliceosomal removal mechanisms for such introns 3 9 2 including the IRE1 / tRNA ligase system [57, 58] and short direct repeats leading to 3 9 3 transcriptional slippage [59, 60] . It should be mentioned that many sequence variants of 3 9 4 snRNAs are encoded in plant genomes [61] . The presence of multiple spliceosome types in 3 9 5 addition to the canonical U2 and the non-canonical U12 spliceosome could be another 3 9 6 explanation [38]. 3 9 7
Another hypothesis suggests parasitic splice sites using neighbouring recognition sites for 3 9 8 the splicing machinery to enable their processing [33] . The mere presence of GT close to the 3 9 9 5' non-canonical splice site and AG close to the 3' non-canonical splice site might be 4 0 0 sufficient for this process to take place. These non-canonical splice sites are expected to be 4 0 1 in frame with the associated GT-AG signals which could be responsible for recruiting the 4 0 2 splicing machinery [33] . This hypothesis is supported by the observation that splice sites 4 0 3 seem to be missed sometimes thus leading to the use of the next splice site which is usually There is no evidence for RNA editing to modify splice sites yet, but previous studies found 4 0 7 that modifications of mRNAs are necessary to enable proper splicing in some cases [62] . 4 0 8
Even so such a system is probably not in place for all minor non-canonical splice sites, a 4 0 9 modification of nucleotides in the transcript would be another way to regulate gene 4 1 0 expression at the post-transcriptional level. 4 1 1
Although, these hypotheses could be an additional or alternative explanations for the 4 1 2 situation observed in O. sativa, considering the CA-GG cases as annotation and alignment 4 1 3 errors seems more likely due to their unique presence in this species. Our results could provide a strong foundation to further analyses of the splicing process by 4 1 7 providing detailed information about the frequency at which splicing occurred at a certain 4 1 8 splice site. The results indicate that this usage of different splice site types could vary 4 1 9 substantially. A possible explanation for these observed differences is the mixture of RNA-4 2 0
Seq data sets, which contains samples from various tissues and different environmental or 4 2 1 physiological conditions. Sequencing reads reflect the splicing events occurring under these 4 2 2 specific conditions. As previously indicated by several reports, non-canonical splice sites 4 2 3 might be more frequently used under stress conditions [25, 48, 60] . 4 2 4
The observation of a stronger usage of the donor splice site over the acceptor splice site in 4 2 5
GT-AG and GC-AG splice site combinations is matching previous reports where one donor 4 2 6 splice site can be associated with multiple acceptor splice sites [51, 63] . The absence of this 4 2 7 effect at minor non-canonical splice site combinations might hint towards a different splicing 4 2 8 mechanism, which is restricted to precisely one combination of donor and acceptor splice 4 2 9 site. challenge. Since there is a substantial amount of variation within species [65, 66] , we can 4 4 5 assume that small differences in the genetic background of the analyzed material could bias 4 4 6 the results. Splice sites of interest might be canonical splice site combinations in some 4 4 7 accessions or subspecies, respectively, while they are non-canonical in others. Despite our 4 4 8 attempts to collect RNA-Seq samples derived from a broad range of different conditions and 4 4 9 tissues for each species, data of many specific physiological states are missing for most 4 5 0 species. Therefore, we cannot exclude that certain non-canonical splice sites were missed in 4 5 1 our splice site usage analysis due to a lack of gene expression under the investigated 4 5 2 conditions. 4 5 3 4 5 4 Future Perspectives 4 5 5
As costs for RNA-Seq data generation drops over the years [67] , improved analyses will 4 5 6 become possible over time. Investigation of homologous non-canonical splice sites poses 4 5 7 several difficulties, as the exonic sequence is not necessarily conserved. Due to upstream 4 5 8 changes in the exon-intron structure [68] , the number of the non-canonical intron can differ 4 5 9 between species. However, a computationally feasible approach to investigate the phylogeny 4 6 0 of all non-canonical splice sites would significantly enhance our knowledge e.g. about the 4 6 1 emergence and loss of non-canonical splice sites. Experimental validation of splice sites in 4 6 2 vivo and in vitro could be the next step. It is crucial for such analyses to avoid biases The datasets generated during the current study are included as Additional files and publicly 4 7 7 available from doi:10.4119/unibi/2931315. Scripts written for the described analyses are 4 7 8 available on github: https://github.com/bpucker/ncss2018. 4 7 9
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